Abstract. Continuous energy neutron-incident neutron-production double differential cross sections were measured at the Weapons Neutron Research (WNR) facility of the Los Alamos Neutron Science Center. The energy of emitted neutrons was derived from the energy deposition in a detector. The incident-neutron energy was obtained by the time-of-flight method between the spallation target of WNR and the emitted neutron detector. Two types of detectors were adopted to measure the wide energy range of neutrons. The liquid organic scintillators covered up to 100 MeV. The recoil proton detectors that constitute the recoil proton radiator and phoswich type NaI (Tl) scintillators were used for neutrons above several tens of MeV. Iron and lead were used as sample materials. The experimental data were compared with the evaluated nuclear data, the results of GNASH, JQMD, and PHITS codes.
INTRODUCTION
Intermediate-energy proton accelerators are applicable to such facilities as accelerator-driven subcritical systems for long-lived nuclear-waste transmutation, and proton-beam cancer therapy. It has aroused a great deal of interest in the cross section in the intermediate-energy region. For the design of these facilities, proton-incident double-differential cross sections (DDX) have been measured [1, 2, 3, 4, 5, 6, 7] after 1988. These data contributed to improvement of the intranuclear-cascadeevaporation (INCE) model code [8] , the quantummechanical-molecular dynamics (QMD) plus statistical decay model (SDM) code [9] , and the quantum mechanical preequilibrium Hauser-Feshbach code [10] . For instance, the prediction performance of recent INCE codes [8, 11] is highly improved in comparison to the original HETC in the early 1970s. Parameter adjustment was made such as effective nucleon-nucleon collision cross sections (in-medium cross section) for INCE and QMD codes, or V 0 parameters in the FKK formalism [12] .
Proton-incident data, however, give limited information on the reaction. At the intermediate energies, protons induce the cascade reaction dominantly starting from the initial p n collision for heavy neutron-rich targets. Neutron-incident data will play an interesting role in quantitatively understanding the whole cascade process. For the FKK calculation, neutron incident data are required to determine the value of V 0´p pµ V 0´p nµ at relatively low intermediate energy, but the value was reported [8] only at an incident energy around 100 MeV. Neutron incident DDX data have not been obtained above 100 MeV at all, because there are few facilities that generate quasi mono-energetic neutrons above that energy.
It is well known that the nuclear optical potential changes largely [13] in the region of 50-300 MeV. Proton incident DDX data scarcely cover this region. The thicktarget neutron yield [14] taken by us for incident-proton energies around the GeV region has some inconsistency in the energy region of several tens of MeV with the results of the LAHET code [11] . It is necessary for the neutron-incident DDX data to cover the nuclear-potential changing region. The Weapons Neutron Research (WNR) facility [15] of Los Alamos Neutron Science Center (LANSCE) has the feature of providing short-pulse, intense, and continuous-energy neutrons. Neutron-incident data will cover the optical potential changing region, and give information to complement proton-incident ones with regard to INCE as well as the FKK point of view.
In this study, the neutron-incident neutron production double differential cross sections were measured for incident energies up to several hundred MeV using the continuous-energy neutron source. The experimental data were compared with some calculation codes.
EXPERIMENT
The difference in measurement method between the quasi-mono energetic and the continuous-energy neutron sources is shown in Fig. 1 . The experiment at a continuous-energy neutron source facility is able to obtain data in a wide incident neutron energy range. However, the time-of-flight (TOF) technique is not adopted for an emitted neutron energy measurement because timing when an incident neutron impacts on a sample material is unknown. Then, the emitted neutron energy needed to be obtained by its deposition energy in a detector.
The experiment was performed at the 4FP15L beam line of the WNR facility at LANSCE. In this work, the deposition energy was measured to get the energy of an emitted neutron from a sample material. The recoil proton method was used for the higher energy region above 100 MeV. The important thing is to measure the recoil proton energy as the full energy event as much as possible. NaI (Tl) detectors have detection efficiency considerably higher than the magnetic spectrometer that covers a relatively narrow energy range. In addition, the detector is suited for simultaneous multi-angle measurement. On the other hand, liquid organic scintillators were employed for detection of lower energy emitted neutrons below 100 MeV because the actual counting rate was much larger than that in the recoil proton method. The energy of incident neutrons was determined by the TOF method between Target-4 and an emitted neutron detector. The flight time consisted of components of an incident and emitted neutron. The flight path from Target-4 and a sample was 90 m and that between a sample and an emitted neutron detector was about 0.7 m. The total flight time was assumed as a component of incident neutrons because of the difference between their lengths. A Fission chamber [16] that monitored the incident neutron flux from Target-4 was set upstream of a sample material. Iron and lead were chosen as sample materials.
Higher-Energy Neutron Measurement
The experimental arrangement for higher energy neutrons above 100 MeV is illustrated in Fig. 2 . The E scintillator had a phoswich configuration of NaI (Tl) surrounded by plastic scintillator. The phoswich scintillator was 350 mm, long enough to deposit the full energy of a recoil proton up to 400 MeV. This detector was able to eliminate proton-escaping events. Outer plastic scintillators tagged charged-particle events passing through them: pulse-shape discrimination enables separating the charged-particle events passing through the outer scintillators. The phoswich configuration also serves to reduce accidental background events with a simple electronic circuit. A single photomultiplier tube received summed lights in the phoswich detector.
The detector system consisted of a veto scintillator to distinguish charged particles from a sample, a polyethylene radiator, a ∆E scintillator, a phoswich scintillator, and another veto counter for discrimination of penetration of the phoswich detector, and was set at 15AE on the beam line. The length from a sample to a radiator was about 70 cm. The series of detectors was also directly irradiated with collimated neutron beam for getting response from the detector system.
Lower-Energy Neutron Measurement
In order to increase the counting rate of emitted neutron events below 100 MeV, NE213 liquid organic scintillators were utilized. The detector arrangement is shown in Fig. 3 . Each detector size was 127 mm long and 127 mm in diameter. A proton recoiled by a neutron in the NE213 scintillator deposited its full energy Veto counter (NE102A) FIGURE 2. Experimental layout for higher-energy neutron detection using the phoswich type NaI (Tl) detector. up to 120 MeV. A veto scintillator was set in front of each liquid organic scintillator. The distance between a sample and a NE213 was about 70 cm. The energy of emitted neutrons from a sample was directly detected by the detector. The energy spectrum was obtained by unfolding the light output spectrum and response function of the detector. The incident neutron energy spectrum was given by subtracting the flight time corresponding to the emitted neutron energy from the flight time between Target-4 and an NE213 detector. This method required shorter beam time than the recoil proton method because the counting rate ratio of sample-in to sampleout by the NE213 scintillator was higher than the recoil proton method.
To obtain a response function for unfolding energy deposition data, NE213 scintillators are also set on the beam line and directly irradiated with collimated neutron beam of 4 mm in diameter.
RESULTS
The light output spectra of each detector were unfolded to get double-differential cross sections because the flight time between a sample material and an emitted neutron detector was not able to be taken in this experiment.
Some preliminary results of the neutron-incident neutron-production double-differential cross sections are shown in Figs. 4 and 5. Calculation results by the GNASH [17] , PHITS [18] , and JQMD [9] codes are also presented in the figures. One can see that calculation results by PHITS and JQMD codes stand for the same tendency with experimental data for a higher incident energy region from 150 to 400 MeV in Fig. 4 . Only the upper parts of the error bars are shown; the lower parts are not indicated for easy viewing of this figure. The error bars in the high incident energy region are larger than those in the lower incident energy region because the actual counting rate for the phoswich detector was much lower than that for the liquid organic scintillator. In incident energies between 90 and 110 MeV, experimental data agree with the values of GNASH to some extent as Fig. 5 shows. A component of elastic scattering was also measured well.
SUMMARY
The neutron-incident neutron production double differential cross sections were measured for incident energies up to several hundred MeV using the continuousenergy neutron source. The two types of detector were selected to detect emitted neutron energy over a wide energy range. The preliminary experimental data agree with the calculation result to some extent.
